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A B S T R A C T
Bloodstains can provide important information about a criminal act. These biological traces, when
analyzed at murder sites, for example, can determine the dynamics of a criminal offense, the identity of a
suspect, and the time at which a crime was committed. Determine the time since deposition (TSD) of
these blood traces may be the ﬁrst clue for the police investigators to estimate the time-lapse of a murder.
During a criminal attack, the blood spilled from an injury begins the process of degradation and aging
from the moment it leaves the human body and comes into contact with the physical environment. The
biophysical properties (morphology and elasticity) of red blood cells (RBCs) undergo several changes
when outside the human body, which can be analyzed using microscopic techniques such as atomic force
microscopy (AFM). Aiming to apply the AFM/force spectroscopy techniques in the analysis of criminal
traces, the present study investigated the TSD for blood smears by analyzing possible changes in the RBCs
of a group of voluntary donors. Also, we investigated whether there was any difference in TSD analysis
after blood smears deposition onto three different surfaces (glass, metal, or ceramic); and ﬁnally, we
evaluated force  distance curves obtained from deformation of the membrane surface of RBCs as a
function of time. The qualitative results apparently showed that there is no perceptible difference in the
structure of RBCs when AFM images were analyzed by simple visual comparison over 28 days (T0–T5).
Nevertheless, our quantitative results, measured by AFM, demonstrated the increasing trend of the
measurements, such as average height (mm), perimeter (mm), area (mm2) and volume (mm3) of these
cells during that period. Additionally, the type of surface of bloodstain deposition should be considered
during analyses for the TSD, and the results obtained on glass, metal, or ceramic supports showed
signiﬁcant differences. Therefore, the use of force spectroscopy to obtain force  distance curves for the
forensic science approach has been shown to have applicability for the calculation of TSD in the RBCs
present in the blood smears. In spite of the promising observations obtained, the use of AFM in crime
scenes still requires the expansion and development of more studies for a deﬁnitive evaluation of the TSD
for blood spots.
© 2019 Elsevier B.V. All rights reserved.
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The determination of scattering patterns of bloodstains at
crime scenes provides important elements for a forensic
investigation, assisting in the analysis of the criminal dynamics
[1]. Consequently, establishing the time since deposition (TSD) of
these spots may be the ﬁrst clue for forensic investigators to* Corresponding author at: Embrapa Recursos Genéticos e Biotecnologia,
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0379-0738/© 2019 Elsevier B.V. All rights reserved.estimate the age of a bloodstain. Indeed, this is particularly useful
when these criminal traces constitute the only piece of evidence
available [2]. Until now, there is no consensual methodology to
determine the TSD of dry bloodstains on a surface. However, there
are some techniques already explored in an attempt to overcome
this omission, such as: reﬂectance spectroscopy [3], ultraviolet–
visible spectroscopy [4], electron paramagnetic resonance [5],
Raman spectroscopy [6,7], analysis of ribonucleic acid (RNA) [8],
high performance liquid chromatography (HPLC) [9], atomic force
microscopy (AFM) [10–12], and analysis by smartphones app
[13,14]. Notwithstanding, these techniques need to be further
explored and validated in order to improve their accuracy and
reproducibility for TSD determination of bloodstains in crime
scene practices [15].
Table 1
Time intervals of the analysis of blood spots.
Analysis Time label Time since deposition
Analysis 0 T0 0 h
Analysis 1 T1 1 day
Analysis 2 T2 7 days
Analysis 3 T3 14 days
Analysis 4 T4 21 days
Analysis 5 T5 28 days
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clearly demonstrated that its production time resembles the time
of a crime occurrence [16]. In this context, the processing of a crime
scene is a key point of effective criminal investigations, and crime
scenes inadequately analyzed may result in low-quality legal
evidence, by increasing the risk of ineffective investigations and
unfair convictions [17]. Thus, analytical techniques, used for the
evaluation of biological traces in crime scenes, become the main
scientiﬁc support for criminal investigations and subsequent legal
proceedings [18].
Inside the human body, blood is responsible for gas exchange,
transport of hormones and nutrients, defense against pathogens,
coagulation, homeostasis, and regulation of osmotic pressure [19].
However, in a crime scene, when there are injuries and consequent
blood exposure on any substrate, a series of degradation processes
will occur on that extravasated and exposed blood. Moreover, the
reddish-brown coloration observed in the dried blood spots on a
substrate is a consequence of the transformation of Fe2+ into Fe3+,
transforming hemoglobin into methemoglobin (met-Hb) [20]. This
process can also lead to expressive structural changes in red blood
cells (RBCs), analyzable by several strategies, including microscopic
techniques. In this scenario, the AFM becomes an excellent tool as it
provides qualitative and quantitative information on the surface
topography of the RBCs, such as volume, surface area, perimeter, and
height, as well as to determine the nanomechanical features, such as
the viscoelasticity [21]. Ordinarily, researchers use this microscopic
approach to evaluate the morphological properties of micro-
structures of RBCs, but the application of this technique in the
analysis of criminal traces still needs to be better explored.
Aiming to apply AFM in the analysis of criminal traces, the
present study had three main stages: the ﬁrst stage investigated
whether there is any discernible tendency for TSD in blood smears
by analyzing dimensional changes in the RBCs structures of a group
of voluntary donors, at progressive intervals of time; the second
stage investigated whether there was any difference in TSD
analysis for blood smears deposited onto three different surfaces
(glass, metal, or ceramic), also analyzing structural changes in
RBCs; and ﬁnally, the third stage investigated whether there is any
detectable tendency for TSD in blood smears by evaluating the
force  distance curves obtained from deformation of RBCs’
membrane surface at progressive intervals of time.
2. Materials and methods
2.1. Sampling and preparation of blood smears
In order to generate the samples used in the ﬁrst stage of the
study, eight human donors (4 male and 4 female) with ages between
20 and 40 years were randomly selected from a convenience sample.
The collection of samples was approved by the human research
ethics committee (Comitê de Ética em Pesquisa da Faculdade de
Medicina – UniversidadedeBrasília – CEP/FM/UnB)with registration
number: CAAE 57964516.5.0000.5558. Also, all the donors did not
follow any speciﬁc diet, nor used any drugs recently prior samples
collection, and did not declare having any diagnosed disease that
could interfere with the analysis, as observed in the Supplementary
Table S1. Aiming to produce the samples used in the second stage of
the research, one male donor was randomly chosen. Thus, the blood
samples collected from this donor were deposited onto three
different materials surfaces. Finally, at the third stage of this
investigation, blood samples were obtained only from two randomly
selected donors (1 male and 1 female).
Hence, blood samples for the three experimental stages were
obtained by capillary ﬁnger puncture, being collected 1 mL of
peripheral blood from each donor. In the ﬁrst and third stages, the
freshly collected samples were deposited and analyzed on glasssurfaces, and in the second stage, the samples were deposited onto
glass, metal, or ceramic surfaces. Circular glass coverslips with a
diameter of 10 mm were used as glass surface; ﬂexible steel blades
with about 10 mm in diameter were used as the metal surface; and
ﬁnally fragments of white ceramic of the coating type with about
10 mm in diameter and 5 mm in height were used as the ceramic
surface. Besides, the blood samples were deposited onto surfaces
in the form of a blood smear and left to air dry for 10 min. After this
period, the samples were analyzed by AFM.
2.2. Drying pattern and analysis’ time of blood spot samples
For the TSD analysis of the blood spots within the study stages,
all samples were submitted to analyses after six time intervals,
following a progression initiated at time T0 (0 h) and ﬁnalized at
time T5 (28 days), according to Table 1. So that the experimental
setup could be more similar to a crime scene, blood samples were
kept under uncontrolled environmental conditions, with average
temperature ranging between 20–30 C and relative humidity
ranging between 20–65%.
2.3. Instrumentation
All AFM analyses were performed in contact mode using a
commercial SPM-9600 (Shimadzu, Japan) instrument operated in
ambient air. Silicon nitride (Si3N4) V-shaped cantilever integrated
with pyramidal tips (model: TR800PSA, batch: 92251B, with
constant normal bending of K = 0.15 N/m, and radius tip of
approximately 20 nm Asylum Research – Oxford Instruments,
Santa Barbara, CA, USA), were used in the present study. For each
time interval, topographic images of the blood samples were
obtained from randomly selected areas. The images obtained in the
ﬁrst and second stages, the travel scanning on the x- and y-axes
were 100 mm and on the z-axis was up to a maximum of 7 mm. For
the third stage, the travel scanning on the x- and y-axes were 12.5
mm and on the z-axis up to a maximum of 7 mm. In the third stage,
Force spectroscopy measurements (force  distance curves) were
also obtained from points in the mid-region of the surface of
selected RBCs using the same instrumental setup. These measure-
ments were performed in the on-line mode of the microscope
during acquisition of images in contact mode. During the analysis
of this last stage, while the microscope was reading the image, the
RBCs were selected and pressed by the tip of the cantilever,
generating the acquisition of these curves. For the analysis of the
obtained curves, the software Scanning Probe Image Processor –
SPIPTM (model 5.1.11 – Image Metrology) was used, which
interprets and calculates parameters as the Young's modulus
and the energy dissipated by the process.
2.3.1. Scanning condition of bloodstain images
In order to minimize distortions in the measurements of human
RBCs obtained by AFM, the present study adopted the following
protocol: top-to-bottom acquisitions, high resolution (512  512
lines), and scan rate of 1.0 Hz. This protocol was based on the study
of Curley and Silva [22], in which the measurements of the
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verifying the inﬂuence of the direction-sense, the resolution (64
 64, 128  128, 256  256, and 512  512 lines), and the scan rate
(0.5, 1.0, and 2.0 Hz). That study demonstrated that for acquisition
of high resolution images, the convolution of the AFM tip on
human RBCs does not alter signiﬁcantly the measurements of the
geometric parameters of the cells.
2.4. Images processing and analysis
For visualization purposes and qualitative evaluation, all the
images were processed by correcting the slope (automatic plane
ﬁt), using the software SPM-9600 off-line (Shimadzu Corporation).
The processing used consisted of an image plane correction
(ﬂattening) using the correction tool (plane ﬁt auto). This correction
was necessary to rectify possible image plane distortions caused
during image acquisition. Then, the RBCs present in AFM images
were measured using the particle analysis software module
(Shimadzu Corporation), through the “labeling particles” tool, it
was possible to obtain structural measurements of cellular
parameters at high resolution, such as perimeter, average height,
area, and volume, as described in the manual instructions from
Shimadzu Corporation [23]. In addition, mechanical parameters,
particularly Young’s modulus, of some cells were calculated by
analyzing the force  distance curves using the SPIPTM software.
The analysis of these ﬁve parameters (perimeter, average height,
area, volume and Young’s modulus), along with the temporal
progression (T0–T5), was the basis for comparisons used to
evaluate the time-dependent behavior of the RBCs present in the
samples (blood spots). The ﬁrst four parameters (structural) were
applied in the ﬁrst and second stages, and the last parameter
(mechanical) was applied in the third stage.
2.5. Statistical analysis
The Prism1 5 program (Graphpad, USA) was used for the
application of the statistical tests and for the graphicalFig. 1. Representative top-view images obtained in air by AFM operated in contact mode
represent the same cells, but different images observed at each time interval. Visual corepresentation. The data obtained with the statistical analyzes
of the parameters were presented, in descriptive statistics, through
the graphical representation, means and limits of 95% conﬁdence
interval – CI.
In order to test normality, two statistical tests were used:
Kolmogorov–Smirnov-KS test and D’Agostino & Pearson (omnibus
K2) test, followed by the one-way ANOVA test (analysis of
variance), if the data were parametric or partially parametric, or
the Kruskal–Wallis test, if the data were non-parametric.
For multiple comparisons (post-test) between the data
obtained at the different times (T0–T5), the Bonferroni multiple
comparisons test was applied, with a signiﬁcance level set at 5%.
2.5.1. Quantitative analysis of data in a grouped form
The analysis of the quantitative data for the description of the
results was performed in a grouped manner, observing the sample
of donors as a population. The option of combining the data was
directed mainly by the response to the objective of this study,
which is to evaluate the TSD in blood spots by analyzing changes in
RBCs at different time intervals. Thus, it aims to observe temporal
tendencies in blood spots within a population, not addressing
individual peculiarities, although some have been detected (data
not presented in this study). In addition, the comparison between
the male and female genders, when aggregated all times and all
donors for each gender, showed no signiﬁcant difference by the t
paired Student’s t test.
3. Results and discussion
3.1. 1st Stage – tendency for TSD in bloodstains by analyzing the
structural parameters obtained of RBC from a group of donors
During the analyses of this ﬁrst stage, we evaluated an
average of 1791 RBCs for each time (T0–T5), of course after
grouping data from all donors. By the simple visual inspection
of the RBCs present in the images obtained by AFM on donors’
bloodstains, it was not possible to identify any type of from blood samples derived from each one of the eight donors. The images do not
mparison of RBCs observed in images between times T0 and T5.
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tween these cell groups comparing the beginning (T0) and end
(T5) of the evaluation. In fact, although it was possible to
observe some intra-individual dissimilarity in concavity
proﬁle of some RBCs from the same donor; these changes
did not relate to any temporal transformation patterns of these
cells, as shown in the comparison of Fig. 1. The current
literature reports that when blood leaves the physiological
environment of the human body, being deposited as blood-
stains on a surface, changes in hemoglobin derivatives occur
within the ﬁrst few hours, and changes in proteins and their
derivatives become minimal after about two months [2]. Thus,
one could hypothesize that this process of proteins modiﬁca-
tion in RBCs could promote expressive structural alterations in
the morphology of these cells. Despite these biochemical
transformations, studies such as those of Strasser et al. [10] and
Hortolà [24] also reported that by visual comparison of images
obtained by AFM and scanning electron microscopy (SEM), it
was not possible to observe representative changes in the
morphology of RBCs after exposure of the blood to a non-
physiological environment, thus indicating an intact topology
of these cells after deposition in bloodstains. In fact, simple
visual observation of images is surely not adequate to detect
measurable changes in RBC parameters, and the independent
qualitative analysis of the AFM images obtained in this study
also conﬁrmed this proposal.Fig. 2. Nonlinear regression graphs of the perimeter (A), average height (B), area (C), and
of nonlinear regression graph. The dots and bars represent the mean and the limits of 95%
R2 = 0.8720. In (B) the red line showed R2 = 0.9928. In (C) the red line showed R2 = 0.9815. I
of the references to colour in this ﬁgure legend, the reader is referred to the web versHowever, our quantitative observations followed a complemen-
tary route to those traced by the previously mentioned studies and
our qualitative approach, by quantifying micrometric observations
on the structural parameters of RBCs. Indeed, one could expect that a
process of biochemical collapse in non-physiological environment
preceeds structural cellular alterations in the measurements of the
RBCs and, consequently, this was the major hypothesis of this study.
ByusingAFM,itwaspossibletodetectsomestructural changesinthe
RBCs evidenced through one-, two-, and three-dimensional param-
eter measurements (average height and perimeter; area; and
volume, respectively), as observed in Fig. 2.
By the analysis of the parameters with one dimension – 1D
(average height and perimeter), perimeter measurement obtained
in the analyses of the RBCs present in the blood spots of the donor
groups showed a statistically signiﬁcant linear increase, indicated
by the line of positive linear regression (P = 0.0253). However, due
to the nonlinear nature observed for this parameter, the nonlinear
regression curve ﬁt more effectively (Fig. 2A), with R2 = 0.8720, as
show in Table 2. The comparison of the time immediately after the
deposition (T0) with the other evaluated times (T1– T5) by the
Bonferroni statistical test also showed these differences in the
linear tendency of increase in this parameter. But, the analysis of
the average height parameter, despite showing an increase in the
mean value for all times, when compared to the moment after
deposition (T0) by the Bonferroni test, it did not present any
statistically signiﬁcant linear growth (P = 0.1185), as evidenced by volume (D) of RBCs along the blood spots evaluation. Red lines represent the curves
 conﬁdence interval – CI of the times (T0–T5), respectively. In (A) the red line showed
n (D) the red line showed R2 = 0.9342. Signiﬁcance level set at 5%. (For interpretation
ion of this article.)
Table 2
Parameters analyzed, curve equation of the nonlinear regression obtained in Figs. 2 and 4, and the respective coefﬁcients of determination (R2).
Parameter Curve equation R2
Perimeter y = 30.07 + 0.07199x  1.569E  03x2 0.8720
Average height y = 0.7381 + 0.02458x  3.776E  03x2 + 1.963E  04x3 3.232E  06x4 0.9928
Area y = 61.73 + 0.3340x  7.786E  03x2 0.9815
Volume y = 44.36 + 4.52(1  e(0.3905x)) 0.9342
Young’s modulus y = 28.12 1.205x + 0.03667x2 0.8748
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curve (Fig. 2B), efﬁciently representing a fourth-order polynomial
function, with R2 = 0.9928, as described in Table 2.
For the two- and three-dimensional parameters – 2D and 3D
(area and volume, respectively), the area parameter showed an
average linear increase of 5.16% in comparison of T0 and T5 values
(Fig. 2C), and this increase was statistically signiﬁcant when
evaluated by the linear regression (P = 0.0159). But again, the
nonlinear regression effectively ﬁtted to this parameter, with a R2
= 0.9815 (Table 2). The volume parameter showed an exponential
increase from T0 to T2, within the ﬁrst seven days, reaching a
plateau between T2 and T5. In the comparison between T0 and T5
values, the volume showed an average linear increase of 12.16%,
and this increase was statistically signiﬁcant, demonstrating a P
value = 0.0159. The exponential growth curve (Fig. 2D) was
sufﬁcient to explain the phenomenon observed for the mean
and limits of 95% conﬁdence interval – CI of the volume parameter,
showing R2 = 0.9342, according to Table 2. Wu et al. [11] described a
distinct temporal tendency when studying the volume parameter
of RBCs for a period of 35 days. Those authors evidenced a
nonlinear tendency of the temporal means of the volume.
However, that study did not use samples from a group of donors,
and also did not present information on the number of RBCs
evaluated. All curves’ equations obtained for the nonlinear
regressions of the four parameters plotted in Fig. 2 can be
analyzed in Table 2.
3.2. 2nd stage – tendency for TSD in bloodstains by analyzing the
structural parameters obtained of RBCs deposited onto different
surfaces
The surfaces onto blood spots are deposited may potentially
inﬂuence TSD analysis. Generally, scientiﬁc studies observing
temporal trends in bloodstains do not take into account other types
of surfaces than just glass. Conversely, the present study
performed comparisons among three different surfaces (glass,
metal, or ceramic). The data showed statistically signiﬁcant
differences in the ﬁrst contact of the RBCs present in the
bloodstains with the evaluated surface, as observed by the
comparisons between the moments after deposition (T0), through
the statistical tests of Bonferroni. Therefore, the applied AFM
method was able to measure these differences between the three
surfaces and this effect was also perceptible in the evolution of the
process by comparing with the other time intervals (T1–T5), as
observed in the Fig. 3.
In fact, for the four structural parameters obtained in the
present study, RBCs deposited onto metal support presented
average values higher than those observed for the cells deposited
onto glass or ceramic supports. This fact could correlate to the
charges present on metal surfaces which interact with charged
chemical groups present on the surfaces of RBC’s membranes.
Certainly, metals present a higher capacity of electrical conductiv-
ity when compared to the other evaluated materials, a character-
istic explainable by the presence of free electrons in their valence
layer. On the other hand, almost all lipid molecules which containthe choline group in their polar region on the membrane of human
RBCs, for example, phosphatidylcholine and sphingomyelin,
locates in the outer half of the lipid bilayer; while most
phospholipids which containing a terminal primary amine group,
for example, phosphatidylethanolamine and phosphatidylserine,
are in the inner half of the bilayer. Thus, due to the asymmetry in
the distribution of these lipids in the membrane structure of RBCs,
there is a signiﬁcant charge difference between the two halves of
the lipid bilayer [25]. Finally, this difference in charge on the
membrane of the RBCs may allow speciﬁc interaction with the free
electrons present on the metal surface.
Wu et al. [11] tested the deposition of bloodstains on glass and
mica (aluminum silicate) surfaces and thus tested the temporal
changes of RBCs. From the observations of that group, there were
differences between the measurements of the volume parameter
of RBCs for the two types of support, also showing the inﬂuence of
the surfaces for analysis of TSD by AFM. Accordingly, the option for
the three supports tested in this study took into account possible
objects present in crime scenes, such as a metal knife or ceramic
tile surfaces of a bathroom in a residence.
3.3. 3rd stage – tendency for TSD in bloodstain by analysis of force
 distance curves on the surface of RBCs membrane
Force spectroscopy allows investigating the elastic or mechani-
cal properties of biological cells [26]. Speciﬁcally, alteration in
biophysical properties (morphology and elasticity) of RBCs
represents one of the markers for human health, diagnosis,
treatment of diseases, and others. Also, from forensic sciences
perspective, the analysis of force  distance curves for RBCs in
bloodstains represents an interesting approach for scientiﬁc
investigation of crime scenes [10]. In short, force  distance curves
are a graph of the force interaction between two surfaces, one of
which is a cantilever-tip and the other is the cell surface under
examination [27]. Ordinarily, among other mechanical features,
Young’s modulus measurements deﬁne a coefﬁcient of material
elasticity [28].
At this stage, the elasticity behavior of RBC’ membranes during
the 28 days of analyses was evaluated through Young’s modulus
(Fig. 4). For these observations, force  distance curves of 25 cells
were obtained for each donor (1 male and 1 female) and for each
time interval (T0–T5), obtaining 50 curves for each time interval
and a total of 300 curves analyzed, when data from the two donors
were grouped. In our study, force  distance curves were obtained
in the central portion of the RBCs and only a single curve was
obtained for each cell. Furthermore, Fig. 5 shows representative
images of cells analyzed at time intervals T0 and T5.
From the analysis of Fig. 4, temporal evaluation of Young's
modulus of the RBCs showed a decrease from T0 to T4 as assessed
by an increase in elasticity, and consequently a reduction in
stiffness of cell membranes (Fig. 5). Due to the nonlinear nature
observed in the temporal measurements for this parameter, Fig. 4
shows the nonlinear regression and in Table 2 it is possible to verify
the curve equation and the respective R2. Also, from the data
obtained by the nonlinear regression curve (Fig. 4), two distinct
Fig. 3. Comparison among the three analysed supports, glass (G), metal (M), and ceramic (C) – for structural parameters of RBCs obtained by AFM. The histograms are
composed of bars (mean) and the limits of 95% conﬁdence interval – CI. Asterisks represent the signiﬁcant differences according to Bonferroni test, among the time intervals of
the three supports. (***) Extremely signiﬁcant – P value <0.001; (**) Very signiﬁcant – P value between 0.001 and 0.01; (*) Signiﬁcant – P value between 0.01 and 0.05; () Not
signiﬁcant.
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clear increase in elasticity (decrease in stiffness) up to time T3 (day
14), and the second characterized by a slight decrease of the
elasticity (increased in stiffness) for the T4 and T5 time intervals
(21st and 28th day). So, this increase in the elasticity (decrease in
stiffness) of RBCs membrane up to the 14th day out of human body
may be related to alterations of RBCs proteins and mainly to
structural changes of their cytoskeleton and architecture.
Membranes of normal RBCs are composed by phospholipid
bilayers and an underlying two-dimensional network of spectrin
molecules. The assembly between the properties of phospholipidbilayers and spectrin network results in the typical morphology of
RBCs and confers membrane elasticity and biorheological proper-
ties [29]. For instance, Dulinska et al. [30] compared elastic
properties of RBCs from anemic patients with those from healthy
individuals. Those researchers observed that Young's modulus of
RBCs pathological individuals was greater than that of cells from
normal, attributing this difference to changes in spectrin structure
present in the cytoskeleton. In addition, differences in the elasticity
of human cells have also been evaluated by Lekka et al. [31] in
studies involving normal and cancerous bladder cells due to
transformations in the cytoskeleton.
Fig. 5. Three-dimensional images of some cells evaluated by AFM and obtained from two donors (donor 1 and donor 6). The images do not show the same cells, but different
cells observed at distinct time intervals since it is not possible to locate exactly the same cells in further analyses. Visual comparison of images between times (T0 and T5).
Fig. 4. The graph shows the time evolution of the Young’s modulus measured in the central portion of the RBCs by force spectroscopy. The graphical analysis showed that the
Young’s modulus presented a decrease from T0 to T4, which was related to the increase in the elasticity of cellular membranes of the RBCs until the 21st day (T4). Red line
represents the nonlinear regression of the Young’s modulus, which showed R2 = 0.8748, signiﬁcance level set at 5%. Dots and bars represent the mean and the limits of 95%
conﬁdence interval – CI, respectively. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)
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could be explained by some possible alteration of lipids
conformation of the cell membrane of RBCs. In this sense,
biochemical studies showed that chemical changes in RBCs’
membrane, especially in the proportion between phospholipids
and cholesterol content, may lead to increased cell membrane
stiffness in patients with diabetes mellitus [32]. For example,
Strasser et al. [10] analyzed blood spots without examining their
individual cellular components (e.g. cell structures or biomole-
cules) and determined Young’s modulus of these spots as a whole
system in a study conducted at three time intervals: 1.5 h, 30 h, and
31 days. The results found by the group of researchers showed that
there is a decrease in elasticity (an increase of stiffness) as the age
of the bloodstain increases (an increase of the TSD). Accordingly,
despite the fact that the bloodstain seems visually a homogeneous
system composed of a ﬁbrin network, individual cellular compo-
nents could inﬂuence the elasticity parameters of the whole
system, which may limit the application of this technique in the
analysis of bloodstain as a complex system. In our study,
force  distance curves were recorded directly onto RBCs surface
of blood spot samples. In sum, the present results demonstrated
that, as already predicted by Strasser et al. [10], individual cellular
components may exhibit different elastic behaviors.
Smijs et al. [12] also investigated the elasticity of RBCs in blood
spots by analyzing a TSD of 4–8 days. The results obtained by that
research group are very interesting and pioneer in the ﬁeld from
the methodological point of view, but their approach expressively
differ from the method adopted in the present study, by the
following comparisons: i) Smijs et al. [12] chose to conduct their
study under well-controlled laboratory conditions, while the
present study used uncontrolled conditions. Wu et al. [11]
observed a drastic difference in the TSD of RBCs when comparing
controlled conditions with uncontrolled conditions. Thus, the
current study opted for uncontrolled conditions, aiming at its
similarity to crime scenes; ii) to investigate the daily changes in the
elasticity of RBCs, Smijs et al. [12] selected only 2–3 RBCs, and thus
performing a high number of force  distance curve measurements
on each cell. On the other hand, we used on average 50 RBCs per
time interval and thus performing only one force  distance curves
in the central portion of each cell; and also iii) there is no
information on the number of donors, or on the health conditions
of these donors in the study of Smijs et al. [12]. However, it is
known that the elasticity of human RBCs may undergo changes in
donors afﬂicted with diseases (e.g., anemia or diabetes). Thus, the
health conditions, habits, and lifestyles of donors were evaluated in
our study and are highlighted in the Supplementary Table S1.
4. Conclusion
In the three stages of the present study by using AFM for the
determination of TSD of blood spots, we identiﬁed some
statistically quantiﬁable transformations in the morphological
properties of RBCs, being observed an increase of the cellular
parameters average height, perimeter, surface area, and volume
along of the 28 days of analysis. In the comparison between the
surfaces (glass, metal, or ceramics), we observed signiﬁcant
differences among the three supports. These differences demon-
strated that the type of surface for deposition of a bloodstain is an
important factor and should be considered as a relevant factor
during time-dependent analyses by AFM.
The use of force spectroscopy to obtain force  distance curves
for forensic science showed to have applicability for calculating
TSD of blood spots. The distinction in two different temporal
phases, in which the initial one is characterized by the increase of
the membrane elasticity of RBCs, from the time interval T0–T4,
followed by a process of stiffness in the period comprised betweenthe time intervals T4 and T5 was an excellent candidate for
temporal evaluation. Though, additional studies are needed to
apply this technique as criminal evidence.
In sum, the results obtained by this study point to a future
possibility of applying AFM for determination of the TSD in blood
spots aiming for forensic purposes. However, it is considered
important to perform other comparative studies for analysis of
blood spots, as a function of time, to identify possible population
patterns or individual trends and mainly factors such as diseases
and substances that affect morphological and mechanical proper-
ties of RBCs.
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